INTRODUCTION {#SEC1}
============

DNA methylation plays a critical role in regulating chromatin structure ([@B1]) and gene expression ([@B2],[@B3]), and takes part in a variety of key biological processes including human development ([@B4]), aging ([@B8],[@B9]), genomic imprinting ([@B10],[@B11]) and the inactivation of tumor suppressor genes ([@B12]).

Recently, a systematic method, named epigenome-wide association study (EWAS), has been developed to identify epigenetic variants associated with complex diseases ([@B13]) or phenotypes ([@B17]). EWAS provides an effective means to understand the molecular basis for disease risk. Meanwhile, the development of high throughput technology, including the generation of Illumina HumanMethylation450 Bead Chip data, makes it possible to complete a large scale EWAS scan ([@B13],[@B18]). To date, using EWASs, many complex diseases/phenotypes, including body mass index (BMI), adiposity ([@B19]), autism spectrum disorder (ASD) ([@B20]) and cancer ([@B13],[@B21],[@B22]), have been successfully analyzed.

Using EWASs, achievement has been made in identifying risk epigenetic variations of diseases/phenotypes. However, compared with genome-wide association study (GWAS, identifying common genetic variants associated with diseases/phenotypes), EWAS has lagged behind. To this end, we proposed 'The EWAS Project' in 2015 to develop EWAS analysis tools and data resources. Previously, we designed EWAS2.0 JAVA software to identify the association between DNA methylation levels and complex diseases ([@B23]). However, our investigation of EWAS data resources revealed few databases that archive epigenetic association results from EWASs. This has made it difficult for researchers to view associations between diseases/phenotypes and epigenetics. Here, as an important part of 'The EWAS Project', we developed the EWASdb (epigenome-wide association study database, <http://www.ewas.org.cn/ewasdb> or <http://www.bioapp.org/ewasdb>), to store and utilize the significant epi-markers identified in EWASs.

The EWASdb can be used to query DNA methylation markers, genes, KEGG pathways, and GO categories which have significant associations with some diseases or phenotypes. In addition, the EWASdb can help to reveal the mechanism of complex diseases at the epigenetic level.

DATABASE CONTENT {#SEC2}
================

DNA methylation data {#SEC2-1}
--------------------

The Illumina HumanMethylation450 Bead Chip (450K) and Illumina Infinium MethylationEPIC Bead Chip (850K) methylation microarray are the most widely used platforms for epigenome-wide association study, including 482 421 CpG sites and 864 935 CpG sites, respectively. To construct a comprehensive and practical database, we downloaded 907 DNA methylation 450K datasets and 64 DNA methylation 850K datasets updated by the end of July 2018, involving 78 180 samples in matrix format, from the GPL13534 and GPL21145 platforms of the GEO (Gene Expression Omnibus) database ([@B26]).

Classification of diseases/phenotypes {#SEC2-2}
-------------------------------------

We employed two groups of independent experts to classify the downloaded EWAS datasets. In brief, one group of experts extracted effective information and classified the data based on the published literature corresponding to the EWAS datasets. The other group of experts was responsible for checking the obtained information to ensure the accuracy of the classification. Finally, we curated 1319 (Table [1](#tbl1){ref-type="table"}) EWASs and divided them into seven classifications: 'disease', 'trait', 'drug treatment', 'tissue', 'cell line', 'stem cell', and 'other'. Among the seven classifications, there are 302 sub-classifications, of which 165 are related to 'complex disease', 38 are related to 'trait', 22 are related to 'drug treatment', 19 are related to 'tissue', 31 are related to 'cell line', seven are related to 'stem cell' and 20 ambiguous sub-classifications were placed in the class of 'other' (Figure [1A](#F1){ref-type="fig"}). The number of the EWASs relevant to each of the seven classifications is shown in Figure [1B](#F1){ref-type="fig"}.

![General statistical situation of the diseases/phenotypes. (**A**) percentage of sub-classifications relevant to each of the seven classifications; (**B**) number of the EWASs relevant to each of the seven classifications.](gky942fig1){#F1}
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The summary of the data curated in EWASdb

  Data type                                          Data number
  -------------------------------------------------- -------------
  EWAS studies                                       1319
  EWAS results for single epi-marker (*P*\< 1e--7)   18 538 029
  EWAS results for single epi-marker (*P*\< 1e--3)   52 292 604
  EWAS results for KEGG pathway (*P*\< 1e--3)        49 967
  EWAS results for GO categories (*P*\< 1e--3)       930 609
  EWAS results for BP GO categories (*P*\< 1e--3)    686 552
  EWAS results for MF GO categories (*P*\< 1e--3)    141 979
  EWAS results for CC GO categories (*P*\< 1e--3)    102 078
  Gene                                               27 918
  Diseases/phenotypes                                302

Identification of disease/phenotype related epi-markers {#SEC2-3}
-------------------------------------------------------

For each EWAS, we identified the association between epigenetic variations and disease/phenotype using EWAS v2.0 software ([@B25]). Using a moderate *P*-value (less than 1.0 × 10^−3^), we obtained a total of 52 292 604 disease/phenotype related markers (Table [1](#tbl1){ref-type="table"}). Meanwhile, using a strictly significant *P*-value level (less than 1.0 × 10^−7^), 18 538 029 CpG loci were obtained (Table [1](#tbl1){ref-type="table"}). In addition, we mapped the gene and chromosomal locations of these significant markers based on the Illumina HumanMethylation450/850 Bead Chip annotation information.

Identification of KEGG pathways {#SEC2-4}
-------------------------------

Kyoto Encyclopedia of Genes and Genomes (KEGG) consists of graphical diagrams of biochemical pathways, including metabolic pathways and some known regulatory pathways ([@B27]). Gene functions can be systematically analyzed in terms of the networks of genes and molecules. Hence, we performed KEGG pathway analysis of the significant genes to reveal the biochemical pathways they are involved in, and to understand the interactions between these genes. Susceptible biological pathways were identified by performing hypergeometric test analysis. We acquired 49 967 risk KEGG pathways at a significance level with *P*-values less than 1.0 × 10^−3^ (Table [1](#tbl1){ref-type="table"}).

Identification of GO (Gene Ontology) Category {#SEC2-5}
---------------------------------------------

To further understand the functional characteristics of disease/phenotype susceptible epigenetic variations we performed Gene Ontology (GO) annotation for each risk gene ([@B28]). We used the hypergeometric test method to screen related GO terms for risk CpG loci at a *P*-value less than 1.0 × 10^−3^. Finally, we obtained 930 609 disease/phenotype associated GO terms including 686 552 biological processes (BP), 141 979 molecular functions (MF) and 102 078 cellular components (CC) (Table [1](#tbl1){ref-type="table"}).

DATABASE ORGANIZATION AND WEB INTERFACE {#SEC3}
=======================================

Database construction {#SEC3-1}
---------------------

The EWASdb was constructed based on PHP language, and the web interface was built using HTML and JavaScript. All data of our database are stored in MySQL. The database has been tested using Google Chrome, Firefox, and Internet Explorer web browsers.

Search interface {#SEC3-2}
----------------

To make the querying convenient and effective for users, we provide three kinds of search interfaces: (i) EWAS for single marker; (ii) EWAS for KEGG Pathway and (iii) EWAS for GO Category.

EWAS for single marker {#SEC3-3}
----------------------

In this search module, EWASdb provides five different ways to search for detailed information of single DNA methylation markers associated with diseases/phenotypes: (i) Search by disease/phenotype: users can enter a disease/phenotype, like 'glioma', to get a list of all the EWASs related to this disease or phenotype; (ii) Search by EWAS ID: users can enter any item from EWAS1 to EWAS1319 to obtain all the significant loci in this EWAS; (iii) Search by gene: users can input their gene of interest, such as 'TTTY18' or 'TMSB4Y', to acquire the loci mapped into this gene from all the EWASs; (iv) Search by cg\#: users can query by CpG locus to obtain all of the information from this CpG locus of each EWAS and (v) Search by region\#: users can fill in the chromosome number and the chromosomal starting and ending positions in the search box to view the significant loci in this region from all of the EWASs.

For each EWAS, users can obtain detailed information, such as 'GSE ID', 'EWAS Title', 'Disease/Phenotype', 'Group name', 'Sample size', 'Summary of EWAS', 'Contributor', 'Public date' and 'Citation (PubMed ID)'.

For each epi-marker, users can obtain detailed information, such as 'EWAS ID', 'cg\#', 'chr\#', 'Position', 'Gene', 'Disease/Phenotype', 'Classification', 'Sample size', 'Average beta-value in two groups', 'T-statistics' and '*P*-value'.

EWAS for KEGG Pathway {#SEC3-4}
---------------------

The EWASdb contains interfaces for users to acquire KEGG pathways significantly associated with diseases/phenotypes. Users can input a pathway ID or pathway name, such as 'hsa04510' or 'Galactose metabolism', to obtain the details of EWASs involving this pathway. In addition, users can enter any item from EWAS1 to EWAS1319 to obtain the pathways associated with the particular EWAS.

For each KEGG pathway, the following information is displayed: 'EWAS ID', 'KEGG ID', 'Classification', 'Disease/Phenotype', 'Sample groups', 'KEGG Pathway Name', 'Pathway Gene Number', 'Gene Number Annotated In The KEGG Pathway' and '*P*-value'.

EWAS for GO Category {#SEC3-5}
--------------------

The database allows users to get the GO terms related to the diseases/phenotypes of interest. Similarly, user can input GO term name or GO term ID, such as 'mitochondrial genome maintenance' or 'GO:0000902', to obtain the EWASs associated with this GO term. Furthermore, any item from EWAS1 to EWAS1319 can be inputted to obtain the significant GO terms associated with that particular EWAS.

For each GO term, the EWASdb provides detailed information for users, such as: 'EWAS ID', 'GO ID', 'Classification', 'Disease/Phenotype', 'Sample groups', 'Categories', 'GO Term Name', 'GO Term Gene Number', 'Gene Number Annotated In The GO Term' and '*P*-value'.

Browse and download {#SEC3-6}
-------------------

The database allows users to browse data 'by class' and 'by alph'. For 'browse by class', seven classifications are shown on the browse tree. Users can choose any one of them to view the disease/phenotype and the associated EWASs. Furthermore, by clicking the EWAS ID, users can achieve detailed information about the specific EWAS. For 'browse by alph', users can get an overview of the EWAS results by clicking the alphabet on the browse tree.

All data can be downloaded freely from the 'Download' page. In addition, users can also download the EWAS v2.0 ([@B25]) to conduct their own EWAS by clicking the 'EWAS Software'.

SUMMARY AND DISCUSSION {#SEC4}
======================

Over the past few years, GWAS has identified a large number of genomic variants associated with diseases/phenotypes, many of which are in meaningful biological pathways ([@B29]). Although GWAS has contributed to our understanding of the occurrence and development of diseases and prognosis, they have failed to fully explain the risk factors that contribute to diseases/phenotypes. The epigenome provides some new insight to understand risk factors affecting the diseases/phenotypes by considering both genetics and environmental perspective.

With the rapid growth in DNA methylation data and the maturity of EWAS methods, increasing numbers of epigenetic variants associated with complex diseases/phenotypes have been identified ([@B28],[@B30],[@B31]). A useful database resource, which systemically integrates the results of EWASs, will be of great benefit to researchers. Therefore, we collected the available DNA methylation datasets focusing on different diseases/phenotypes to develop the EWASdb. The EWASdb can be queried in a wide range of ways to meet the requirements of different users. The database will provide a means for researchers to explore and understand the pathogenesis of complex disease from the epigenetic level.

FUTURE DIRECTIONS {#SEC5}
=================

EWAS is one of the most useful method to identify genome-wide epigenetic variations associated with diseases/phenotypes. However, it still has some limitations. First, robust findings require large-scale samples and rigorous scientific method ([@B32]). In subsequent EWASdb versions, we will collect multiple sets of DNA methylation data for a phenotype or disease and use a meta-analysis strategy to identify more stable and reliable epigenetic markers. In addition, EWAS can more powerful for identifying robust epigenetic markers in common variations rather than rare variations ([@B32]). The current EWASdb version contains only the analysis results of common variations. For rare epigenetic variations, we will develop some novel analysis methods to improve its analytical performance in the future.

The EWASdb is a most important part of 'The EWAS Project' and has been widely used and downloaded by researchers from more than 40 countries. Our team has the ability to continuously update and maintain the database when more 450K or 850K DNA methylation data are available. We believe that the EWASdb, a comprehensive database, will become a valuable resource and a useful tool in the future.
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